Abstract-Over the past decade, there has been a rapid increase in the popularity of wearable and portable devices, such as step counters, to monitor fitness performance. However, these devices are battery-powered, meaning that their lifetimes are restricted by battery capacity. Ideally, wearable devices could be powered by energy harvested from human motion. Energy harvesting systems traditionally incorporate energy storage to cope with source variability. However, energy storage takes time to charge and increases the size and cost of systems. This paper proposes an intermittently-powered energy harvesting step counter for integrated wearable applications, which aims to remove the energy storage element. The proposed step counter sustains its operation by harvesting energy from footsteps using a ferroelectret insole, which also works as an event detection sensor, i.e. the system is powered by the parameter that is being sensed. Designing this required the characterization of the insole to evaluate the amount of energy provided, and analysis of the energy needed by the overall system. Finally, the system was implemented and experimentally validated. The proposed step counter has an error of less than 4% when walking, which is lower than the error in conventional smartphone applications.
I. INTRODUCTION
Typical systems to monitor fitness metrics such as number of steps, distance walked, calorie consumption, etc. are battery-powered, meaning that their lifetime becomes restricted by battery capacity and discharge rate [1] , [2] . For example, smart watches for fitness performance tracking typically last for 18-20 hours, depending on the model and activity [3] , while fitness trackers can last for 3-4 days [4] , having an average charge time of 2 hours.
Motivated by the limited lifespan achievable with batterypowered systems, research has recently looked at replacing batteries with energy harvesting solutions. For wearable systems, the energy harvested from human motion (e.g. footsteps) is attractive, potentially avoiding periodic battery replacement or charging [5] . However, the power obtained from human motion is typically in the range of mW, intermittent and of short duration [6] , [7] . To sustain computation and mitigate variability, energy harvesting systems normally integrate energy storage units, which require time to charge and increase their volume, mass and cost.
This paper proposes an intermittently-powered energy harvesting step counter for integrated wearable applications. In contrast to conventional energy harvesting systems, the pro- posed step counter removes the energy storage element and operates directly from the harvesting source ( Figure 1 ). It sustains its operation by harvesting energy from footsteps, using a ferroelectret insole which generates electricity under mechanical stress [8] . The system uses a microcontroller (MCU), with a low-power non-volatile memory, which wakes up at each step and retains data during the power outage between steps. The ferroelectret insole also acts as an event detection sensor: the system is only powered when the event (i.e. a footstep) is detected. The novel contributions of this work are:
• Characterization of the dynamics of human powered energy harvesting, with a ferroelectret insole (Section II).
• Analysis of the energy requirements and a methodology for designing the step counter (Section III).
• Design and practical testing of a self-powered step counter. (Section IV). Experiments demonstrate that the proposed step counter has an error in counting steps of less than 4% when walking, significantly better than existing smartphone applications.
II. FERROELECTRET INSOLE CHARACTERIZATION
In this section, we look at the performance of the ferroelectret insole when mounted in a shoe. We also calculate the energy generated per step, which aids the design of the system in Section III.
Ferroelectret materials are flexible cellular polymer foams that, similarly to a piezoelectric source, convert mechanical energy into electricity when they are bent or compressed [9] . In an energy harvesting insole made with ferroelectret materials, the mechanical stress is generated by the heel striking against the floor when walking or running. Figure 2 shows the model of a three-layer insole of polypropylene ferroelectret (PP) connected in parallel with bonding films between layers [10] . A similar insole with 30 layers has been used in our design ( Figure 3 ).
As shown in Figure 4 , these harvesting sources generate high-power energy bursts for a short period of time (in the order of ms). The magnitude of these power bursts depends on the momentum of applied compression and the impedance of the load that is connected to the source. The greater the momentum, the greater the voltage but the shorter the duration of the power burst. The ferroelectret insole generates two voltage peaks at each step: positive when compressed and negative when released.
Although this work aims to negate the need for large energy buffers, some capacitance is inherently required by microcontrollers to decouple the energy source (and possible electrical noise) from the system. This is known as decoupling capacitance. In intermittently-powered systems [11] , [12] , this capacitance may also be exploited as a small energy store. In order to evaluate the performance of the ferroelectret insole when connected to a microcontroller, we use a range of capacitance values. The values chosen ranged between the minimum decoupling capacitance recommended by manufacturer for a typical MCU (i.e. 4.7µF), and the value incorporated in a reference design for that device (i.e. 16µF) [13] . Figure 5 shows the characterization circuit with a purely capacitive load. The circuit includes a bridge-rectifier connected at the insole's output. The ferroelectret insole is represented by a basic equivalent circuit for piezoelectric transducers [14] . The capacitance C E is the inverse of the mechanical elasticity of the insole. L M represents the seismic mass of the transducer. The capacitor C 0 is the static capacitance of the harvesting source and R 0 is the resistance of the dielectric material that forms the static capacitance (insulation resistance), whose ideal value should be over 10
12 Ω. The voltage (V C ) is measured across the capacitor, and the electrical energy generated at each step is calculated. The experiment was performed by a 70-kg person moving at two different step rates (referred to herein as operating modes): walking (approximately 70 steps per minute) and running (approximately 120 steps per minute). This test was executed five times for each capacitor in each mode and the results were averaged. Figure 6 shows the voltage measured with each capacitor after each step in running and walking modes. Here, V min is the minimum operating voltage of the typical low-power MCU. This allows us to observe when an MCU would became active. In running mode, the force applied to the insole is higher than in walking mode, and produces a higher voltage increment at each step. This introduces uncertainty related to the number of steps walked before the system becomes active. This uncertainty increases with larger values of decoupling capacitance. For example, with the lowest capacitance, V min is reached after 2 or 3 steps in both walking modes, while with higher capacitances the voltage threshold is not reached even after 5 steps.
The energy generated per footstep can also be calculated from this test by using the following equation: 
where C is the decoupling capacitance, V 1 is the voltage in the capacitor before the step and V 2 is the voltage reached after the footstep is taken. Table I shows the average energy that the ferroelectret insole charges into each capacitor in each mode. The maximum amount of energy is obtained with the lowest capacitance, being up to fourteen times higher. Therefore, with the capacitance of 4.7µF the insole gives more energy per footstep and allows the MCU to become active more quickly.
III. OVERALL SYSTEM DESIGN
The insole characterization performed in Section II did not consider the effect of an active load, which causes a fast discharge of the decoupling capacitance and a consequent voltage drop across the MCU. Describing this requires the knowledge of the overall system, the energy requirements when operating in different modes (i.e. start-up, active and low-power) and the usage of the energy buffered during these modes to efficiently complete a task (i.e. count a step).
A. System Architecture Figure 7 represents a simplified example of the system architecture, where the ferroelectret insole output is rectified and used to power the sensor system, which is composed of an evaluation MSP-EXP430FR5739 test board [13] . This board contains an MCU with a non-volatile Ferroelectric RAM (FRAM) memory and a 4.7µF decoupling capacitance C from the insole characterization (see Section II). This board also integrates a 3-axis accelerometer (acc) that could potentially be used to detect a footstep (e.g. by detecting movements which are then classified as a step). However, the energy overhead due to active sensors can limit their use in the case of resourceconstrained systems. In the next subsection, we analyse the energy requirements of the overall system, by first considering the accelerometer as an option for step counting, along with a sensor-less solution that is more power efficient. Figure 8 shows the process of counting a step that is divided into four stages:
B. System Energy Requirements with Sensor
• Stage 1. MCU off due to a power outage; • Stage 2. MCU Start-up when power is available (i.e. when a pre-defined threshold V th is reached); • Stage 3. Counting a step (i.e. MCU configuration, accelerometer initialization, step detection and data retention in the FRAM); • Stage 4. MCU in low power mode (LPM), after counting a step. In order to quantify the energy required during these stages and set the right value of V th , the MCU has been characterized using a constant voltage (i.e. 2.4V) and by using the following algorithm:
1) The system is initially in off mode (stage 1).
2) The system is powered and, after the start-up, the MCU is configured (i.e. frequency and internal peripheral setting) and the on-board accelerometer is initialized. 3) A step is validated (accelerometer sampling plus data processing). 4) It is retained the state in FRAM and enters in LPM. Table II shows the current and time needed to successfully complete these stages. In particular, the MCU start-up current is much higher than the other stages, while the accelerometer requires a very long time to be set up.
The values in Table II will be used in the following analysis to evaluate the optimum value for V th which can be defined as:
where V min is the minimum operating voltage of the MCU (1.8V), C is the decoupling capacitance and I is the current consumption. From Table II , Stage 3 has two different subtasks that require different current values. The highest current value refers to MCU configuration and accelerometer initialization, while the second value refers to the current needed to validate a step. Thus, the Equation 2 can be presented as follows:
where I su and t su are the current and the time needed for the start-up (Stage 2), I acc and t acc are the current an time for setting the accelerometer (Stage 3), I vs and t vs are the current and time taken by the MCU to validate a step. Combining the values in Table II and the Equation 3 , we obtain a value of V th equal to 4.01V, that is higher than the maximum operating voltage for the MCU (3.6V).
For the reason underlined above (i.e. high energy overhead), it is not feasible to use the accelerometer in an intermittentlypowered and resource-constrained system. In the next subsection, we present a solution that allows us to build a more energy efficient step counter, without using an active sensor but which delivers a higher accuracy.
C. Sensor-less System
An alternative way to implement a step counter without active sensors is to use the energy harvesting source as an event detection sensor, where the availability of energy is an indicator for a footstep. This approach would reduce the energy required to validate a step, removing the overhead for the accelerometer setting and data processing. Moreover, this will possibly increase the accuracy of the system discarding 'false' steps.
Thus, the MCU needs to be re-characterized by using the following updated algorithm: the system is powered and, after start-up, the MCU is configured. It then validates a step, retains the state in FRAM and enters in LPM. Table III shows the values for current and time with this algorithm.
The time for counting a step is much smaller than the time needed with the accelerometer. Thus, Equation 3 can be now updated by removing the current and time overhead of the accelerometer:
where t * vs is the actual time needed for counting a step. Combining the values from Table III and Equation 4 , we obtain a V th equal to 2.2V. From Equation 1, the energy required to charge the decoupling capacitance to that voltage is 11.37µJ. As shown in Table I , the insole is able to charge up to 18.61µJ in walking mode, after 3 steps. Therefore, it is possible to implement an event detection sensor based on the energy harvesting source and using the 4.7µF decoupling capacitance. Figure 9 shows the final design including the ferroelectret insole, the rectifier, the sensor system and an additional startup circuit, which minimizes the quiescent current due to the MCU when its supply voltage is below V min . This circuit guarantees a reliable start by detecting the input voltage and only turning on the supply to the MCU when its input is above V th and switching it off when the voltage drops below V min . This is enabled by two voltage monitors, which are configured in a MOSFET latch arrangement.
IV. FUNCTIONAL VALIDATION AND COMPARATIVE EVALUATION
The presented step counter has been implemented and experimentally validated. We compared the accuracy of our solution against two smartphone applications. To verify system operation, two GPIO pins of the test board were configured to indicate when the system counts and enters the LPM, respectively. Both signals were monitored by a PicoScope at the same time as the voltage across the capacitor and the MCU. That information was logged and later plotted. Thus, it was possible to visualize how many steps were taken before the system started working, to detect possible errors. The number of steps is saved in a FRAM variable in order to retain the value between power failures.
As shown in Figure 10a , the system is active when the voltage reaches V th . The sensor node takes into account the initial three steps needed to reach this voltage. Then, the MCU is configured and the step is counted. Once the task is executed, the system enters low power mode before having a power outage. Figure 10b shows a detailed snapshot of the process of counting a step from Figure 10a , including the time needed by the system to start up, configure the MCU and increment the counter. As mentioned in Table III , configuring the MCU and counting a step takes approximately 140µs. The MCU remains in LPM until the voltage drops below V min . Figure 11 shows the system counting three consecutive steps. In walking mode, the average time between two steps is approximately 0.9s (worst case). During this interval, the ferroelectret insole does not provide any further energy and the voltage drop, due to the start-up circuit and leakage current, is approximately 0.1V. This means that the voltage across the decoupling capacitance is about 1.7V, before the next step is taken. Considering that each step in walking mode increases the voltage by 0.8V, the sensor system is able, after the first three steps, to count each subsequent step.
In order to evaluate the performance of our design, we compared its accuracy against two existing Android R smartphone applications: Pacer [15] and WalkMate [16] . A total of 400 steps were taken per step counter solution (1200 steps in total): 20 steps for 10 attempts in each operating mode. These experiments were performed by a 70-kg person with the ferroelectret insole attached to the shoe and the smartphone placed at his waist. Figure 12 shows the experimental results of our step counter and the two smartphone applications, at each attempt in walking and running mode. The dotted line (in green) represents the real number of steps.
The proposed step counter has an average error of 3.5% in walking mode, while in running mode the average error is 1%. The maximum error in a single attempt is 2 steps in walking mode (attempts 4 and 9) and 1 step in running mode (attempts 4 and 7). In the case of the first smartphone application (Pacer), it has an average error of 25.5% and 12.5% in walking and running modes, respectively. The maximum error in a single attempt is 8 steps (attempt 5) when walking and 4 steps (attempt 4) when running. The second application (WalkMate) shows the worst performance in walking mode, having an error rate of 41.5% with a maximum error of 10 steps in attempts 5, 6 and 10. However, in running mode, this application has a better performance, with an error rate of 4% and a maximum error of 2 steps in attempts 2 and 5.
Another test was executed, incrementing the number of steps to 50. Table IV shows the results obtained for each step counter in walking and running mode. Also in this case, our step counter has the lowest error rate in walking mode and it does not present errors in running mode. The WalkMate application has the highest error (44%) in walking mode, while Pacer had maximum error in running mode (4%).
The marginal error in the proposed step counter is due to the adopted solution for compensating the initial number of steps (i.e. when the system is still not active). In a small number of cases, after three steps the voltage across the decoupling capacitance does not reach V th . This mainly happens in walking mode because of the lower energy generated per step. In these cases, the required threshold can be reached after 4 or 5 steps. Despite this, the error rate is less than 4% in the worst case, which is lower than that of the battery-powered systems.
V. CONCLUSION
In this paper, an intermittently-powered energy harvesting step counter for fitness tracking has been proposed. The presented step-counter aims to remove the energy storage element and self-sustains its operation by harvesting energy from footsteps. To achieve this, it uses a ferroelectret insole, which also acts as an event detection sensor. We have characterized the insole to evaluate the amount of energy provided, and analysed of the energy needed by the overall system. The system has been then implemented and experimentally validated. The results show an error of less than 4% when walking, which is lower than the error in conventional smartphone applications.
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